Fault zones consist of a high-strain fault core and a surrounding damage zone of highly fractured rock. The close, reciprocal relationship between fault zones and earthquake rupture evolution demands better understanding of the processes that create and modify damage zones. This study modeled the evolution of a damage zone in the laboratory by monitoring seismic signals (acoustic emissions) in a specimen of ultramylonite stressed to failure. The result provided evidence supporting the strength recovery of parts of the healed surface. A new fault initiated in an area of heterogeneous structure a short distance from the preexisting fault plane. Repeated cycles of fracture and healing may be one mechanism responsible for wide fault zones with multiple fault cores and damage zones.
Introduction
The structure and development of fault zones are closely related to the evolution of earthquake ruptures. Although fault zones occupy a small volume of the crust, they strongly affect crustal dynamic processes such as earthquakes and fluid flow in the crust (e.g., Faulkner et al. 2010) . Fault zones consist of a core, in which strain is high and localized, surrounded by a highly fractured region called the damage zone (e.g., Chester and Logan 1986; Chester et al. 1993) . Damage zones also influence fluid flow properties and the frictional strength of faults through their effects on pore pressure (Caine et al. 1996) .
The dynamic processes responsible for creating offfault damage have been modeled mostly on the basis of data obtained in field surveys of well-exposed damage zones (Blenkinsop 2008; Mitchell and Faulkner 2009; Fukuchi et al. 2014) . Despite a wealth of field evidence and models, however, our understanding of these dynamic processes is incomplete. Recently, Valoroso et al. (2014) used high-resolution earthquake distributions to argue that during the coseismic phase of the seismic cycle, most of an earthquake's energy, which produces the damage zone, is concentrated along the main fault plane. At laboratory scale, Lockner et al. (1991) and Lockner (1993) investigated the evolution of acoustic emissions (AEs) in time and space and showed that AE clusters characterize the development of fault zones in intact rocks. Many earlier works have studied the effect of heterogeneity in a rock sample on failure processes (e.g., Lei et al. 2004; Jouniaux et al. 2001) . These previous works show that precursory anomalies related to rock fracture are strongly dependent on the heterogeneity of the rock sample. In this study, I examined the strength recovery of a healed plane by comparing the locations of a preexisting healed plane and a new fracture plane. Fault zones are typically characterized by the presence of many healed surfaces, the strength of which is unknown. If a healed fault recovers its strength such that its strength is equal to or greater than that of the intact host rock, then repeated cycles of fracture and healing may be one mechanism producing wide fault zones with multiple fault cores and damage zones. In this paper, I present laboratory evidence supporting the strength recovery of at least some parts of a healed fault surface, obtained by using state-of-the-art AE monitoring and X-ray computed tomography (CT) imaging techniques. Because of the well-established scale similarity of fault zones (Faulkner et al. 2010) , loading experiments in the laboratory allow earthquakes and the evolution of fault zones to be studied under well-controlled conditions (e.g., Masuda et al. 2012 ).
Methods
The loading experiment was performed with a specimen of ultramylonite. The sample was selected because it had a healed previous fracture, and the purpose of the experiment was to examine strength recovery of the healed fault. The sample was collected from an exhumed fault zone along the Median Tectonic Line (MTL) in western Nagano Prefecture, central Japan (Kawachi et al. 1983) . A specimen with medium grain size that had been affected by faulting activity was collected from an outcrop more than 50 m wide close to the MTL. The sense of shear was determined from the sample's microstructures; healed surfaces and foliation of the rock sample were interpreted to be parallel to the slip direction and slip surfaces. The presence of natural slip surfaces in the sample allowed the relationship between the existing internal structure and the creation and development of a new fault surface to be studied. The test specimen was trimmed to make a cylinder 50 mm in diameter and 100 mm long with its end faces parallel to within 0.01 mm (Fig. 1a) . Although the plane of the healed fracture and the fracture plane were not exactly flat, they were parallel and partly overlapping.
A vertical cross section through the cylinder perpendicular to the healed or main fracture plane was selected for this study (Fig. 1b, c) . The inclination angle of the healed plane to the compression direction was about 20°, which is the most likely angle of shear fracture in granite at a confining pressure of 50 MPa (Paterson and Wong 2005, their figure  10 ). This angle is very close to the inclination angle of the created fracture. Six pairs of cross-strain gauges, each 6 mm long, were cemented to the sample surface to measure local strain in the central part of the sample. Volumetric strain was calculated as ε z + 2ε θ , where ε z is the axial strain and ε θ is the circumferential strain. An array of 30 piezoelectric transducers with a resonant frequency of 2 MHz was also cemented to the surface, and then the whole assemblage was sealed in silicone rubber before the compression test.
A conventional triaxial compression test of the ultramylonite cylinder was conducted using a constant loading rate of 31.7 kPa s -1 under 50 MPa of confining pressure, which prevented initial cracks in the sample from having any effect. Macroscopic failure of the sample occurred when the applied differential stress reached 439 MPa, close to the strength under similar conditions of the intact granite host rock (e.g., Jouniaux et al. 2001 ). The transducers recorded AEs during the loading experiment. Velocities of P waves that propagated perpendicular to the loading axis were measured intermittently by the pulse transmission method and used to calculate the hypocenters of AE events. The space and time Variations of local volumetric strain at six peripheral points on the sample surface at the midpoint of the specimen perpendicular to the loading direction. Expansion is considered positive. An X-ray CT image of a horizontal cross section through the sample obtained after the experiment is superimposed. The strike of the vertical cross section examined in this study is indicated by the thick white line, and the thick white arrow shows the direction from which the cross section is viewed in the other figures Fig. 3 Fault zone development as indicated by AE events. a Applied differential stress and the cumulative number of AE events plotted as a function of time. b-j The vertical cross section of the rock specimen showing AE event locations in nine time windows: b 12,500-13,720 s, c 13,720-13,740 s, d 12,500-13,000 s, e 13,000-13,500 s, f 13,500-13,720 s, g 12,600-12,700 s, h 12,700-12,800 s, i 12,800-12,900 s, and j 12,900-13,000 s variations of AE source locations, which included the effects of heterogeneity and anisotropy of wave speed associated with accumulated damage in the rock sample during the deformation, were examined. Hypocenters were determined by automatically picking the first arrivals of P waves using the technique of Lei et al. (2004) . Hypocenter locations with probability errors smaller than 2 mm (Lei et al. 2004 ) were used in this study.
The internal structure of the rock sample was imaged by X-ray CT before and after the loading experiment, using the method of Jouniaux et al. (2001) . I used a conventional medical X-ray CT scanning system to obtain images of a scanned volume 160 mm in diameter in slices perpendicular to the sample axis; each slice was 1.0 mm thick and divided into a 512 × 512 voxel grid. The resolution of the resulting images was about 0.3 mm, and light-colored regions in the images corresponded to areas of high density. Density contrasts, which probably reflect the presence of pores and cracks in the internal structure, generally reflect the strength distribution in the sample rock. The slices were digitally combined into three-dimensional models displaying the shapes and locations of the preexisting and new fracture planes. Figure 2 shows the surface volumetric strains measured at the sample surface around the central part of the sample. An X-ray CT image of a horizontal cross section through the specimen at the strain gauge locations, obtained after the experiment, is superimposed. To show the deformation features, the volumetric strains are plotted at each of the indicated loading times. Strains measured until just before the rapid increase in AE activity are plotted. Therefore, this strain diagram shows the deformation from the start of the experiment to just before the volumetric increase due to dilatancy. During the loading, the volumetric strain at location S3, where the fracture plane eventually appeared at the sample surface, decreased more than the strain at the other locations. Although the AE activity increased just before the fracture, the strain was inhomogeneous in the early stage of loading. In symmetric compression tests of a homogeneous rock sample, microfractures in the sample are distributed homogeneously in sections perpendicular to the loading axis until the axial load reaches its peak value (e.g., Zang et al. 1998 ). In contrast, strain in this sample that included a healed plane became localized at the very early stage of loading. This result suggests that strength recovery is not uniform along Fig. 4 CT images of the axial plane of the specimen. a After the loading experiment. Dark regions generally signify low bulk densities. b AE hypocenters between 12,500 and 13,500 s (Fig. 3b) plotted on the image shown in a the entire length of the fault, and at least some parts of the healed fault may be weaker than the host rock, leading to strain and AE localization during the early stage of loading.
Results
AEs occurred late in the loading period (after 12,500 s) with the increase in the applied differential stress, and sample failure occurred abruptly at 13,740 s (Fig. 3a) . The main fracture surface formed nearly parallel to the plane of the existing healed fracture. AE activity was concentrated around the fault plane (Fig. 3b) until 20 s before failure, when AEs became distributed throughout the sample (Fig. 3c) . As the sample approached failure, acoustic activity occurred first along the future fault surface between 12,500 and 13,000 s (Fig. 3d) , then in a wider region around the future fault zone (Fig. 3e) , and finally in a zone extending farther along the future fault plane (Fig. 3f ) . Early in the initial period of AE activity (12,600-12,900 s), AEs began near the lower left corner of the vertical cross section selected for study (Fig. 3g) . The upward propagation of AE activity was apparently accompanied by on and off AE activity in the lower left. The temporal variation in the AE source locations in the direction normal to the cross section was random, and they showed no systematic movement. The apparent upward propagation speed of AE activity along the fault plane on the cross section, estimated from the movement of the averaged positions for each time period corresponding to Fig. 3g -i was about 0.2 mm/s.
Discussion and conclusion
Before the loading experiment, CT images of the specimen showed a healed fault plane, identifiable by its light color as relatively dense material, crossing from the lower left to the upper right of the selected vertical cross section (Fig. 1b, c) . The macrofracture surface created during the loading experiment (Fig. 4a) was very close to the preexisting healed plane, suggesting that the AE events reflected reactivation of the healed fault plane. The AE hypocenters during the time period leading up to failure (Fig. 3b) closely match the locations of both the preexisting healed surface and the new fault plane (Fig. 4b) . Coseismic AEs, those occurring almost at the same time as the final fracture, were distributed throughout the specimen without favoring the fractured surface (Fig. 3c) .
The structure of fault zones has been studied in field surveys of exhumed fault zones (Faulkner et al. 2003; Shigematsu et al. 2009 ). High-resolution earthquake locations determined in a field survey have shown a close relationship between seismicity and fault plane features (Valoroso et al. 2014) , and high-resolution hypocenter determinations of natural seismicity have shown that active fault zones are narrow features (Hauksson 2010; Powers and Jordan 2010) . Valoroso et al. (2014) speculated that coseismic deformation is concentrated along the main fault plane and is responsible for producing the observed damage zone structure. The loading experiment in this study corroborates these earlier observations.
The loading experiment also revealed details of the initial stage of fault development (Fig. 5) . The new fault zone developed near, but not precisely on, the preexisting healed fault plane. The AEs began in an area of heterogeneous structure ( Fig. 5a ; light-colored patches within the yellow oval), where stress appears to have concentrated, and the fracture also started in that area (Fig. 5b) . As mentioned in the "Methods" section, the inclination angle of the healed plane relative to the compression direction is most likely the angle of shear fracture in granite under a confining pressure of 50 MPa (e.g., Paterson and Wong 2005) . However, in this experiment, the ultimate rupture did not occur on the healed plane. This result means that the healed surface was not a weak surface; rather, healing strengthened the fault so that its strength was equal to or greater than that of the intact host rock. The stress distribution near the edge of the specimen and in the lower part of the specimen, including the initial fracturing area and healed plane, was influenced by the lower end cap of the experimental apparatus. Under this circumstance, the (Fig. 3g) . a Fracturing initiated a short distance from the preexisting damage plane in a heterogeneous region (within the yellow oval). The dashed red line indicates the preexisting healed plane. b Relationship of AE events during the earliest stage of fracture development (red dots) to later zones of failure (plotted on the same image as that in Fig. 4a) fracture initiated in an area of heterogeneous structure, as can be clearly seen on the CT image (Fig. 5a) . Thus, the healing of the fault plane after the previous seismic event appears to have restored the rock to approximately its unfractured strength. These results suggest that repeated cycles of fracture and healing may be the main mechanism creating wide fault zones with multiple fault cores and damage zones.
